Purpose-To test whether the risk of age-related macular degeneration (AMD) decreases with vigorous physical activity.
restoring vision loss, attention has focused on early recognition and treatment to prevent progression.
Exercise is not currently advocated for AMD prevention [4] , although at least three studies suggest its possible role in lowering AMD risk [5] [6] [7] . Physical activity lowers cardiovascular disease [8] , which is possibly predictive of AMD [9 -12] . In addition, physical activity improves various cardiovascular disease risk factors that have also been associated with AMD risk (albeit not always consistently so): adiposity [13] [14] [15] [16] , and blood pressure [17] [18] [19] [20] .
This report examines the relationship of incident self-reported, clinically diagnosed AMD during 7.7 years of follow-up of the National Runners' Health Study. This cohort is unique among prospective epidemiologic studies in being specifically recruited to assess the health benefits and burdens of physical activity. Population-or occupationally-based cohorts tend to include few vigorously active individuals, which limits the ability to draw inferences on vigorous exercise and health. Although runners may not be representative of the population in general, the physiological processes affecting macular degeneration in runners are likely to be the same as in nonrunners. Moreover, the health benefits of greater doses of more vigorous exercise are relevant to the one-half of all adult Americans who already meet or exceed current physical activity guideline levels [21] .
METHODS
The design and methods of the National Runners' Health Study are described elsewhere . Briefly, this cohort of runners, 18 years old and older, was recruited between 1991 and 1993 by distributing a two-page questionnaire nationally to runners identified through subscription lists to running magazines and among participants of foot race events. Approximately 15% returned baseline questionnaires among the total number contacted (the exact number is not known because of uncertainty of the number actually distributed and the proportion of subjects who receive duplicate questionnaires). The questionnaire solicited information on demographics, running history, weight history, smoking habits, prior history of heart attacks and cancer, and medications for blood pressure, thyroid, cholesterol, and diabetes. Eighty percent of the original cohort provided follow-up surveys to us 7 years later or were known dead. The study protocol was approved by the University of California Berkeley Committee for the Protection of Human Subjects, and all participants signed committee-approved informed consents, in accordance with the Declaration of Helsinki.
Participants reported whether they had received a clinical diagnosis of macular degeneration since their baseline questionnaire and provided the year of diagnosis. Subjects reporting being diagnosed in the same year as their baseline survey or before were excluded from the analyses. Running distances were reported in usual miles run per week at baseline. There were strong correlations between repeated questionnaires for self-reported running distance (r = 0.89), and self-reported running distance has been shown to be significantly associated with a number of biomarkers traditionally associated with physical activity, including HDLcholesterol, triglycerides, and LDL cholesterol concentrations, systolic and diastolic blood pressures, fasting plasma glucose concentrations, BMI, and body circumferences [28] . Although other leisure-time physical activities were not recorded for this cohort, data from runners recruited after 1998 (when the question was added to the survey) show that running represents (mean ± SD) 91.5% ± 19.1% and 85.2% ± 24.0% of all vigorously intense activity in men and women, respectively, and 73.5% ± 23.7% and 69.4% ± 25.7% of total leisure-time physical activity, respectively.
BMI was calculated as self-reported weight in kilograms divided by the square of selfreported height in meters. Self-reported waist circumferences were elicited by the question, "Please provide, to the best of your ability, your body circumference in inches." without further instruction. There are strong correlations between self-reported and clinically measured heights (r = 0.96) and weights (r = 0.96) [29] , and for self-reported running distances versus self-reported BMIs and waist circumferences in cross-sectional analyses [28, 30] . Self-reported waist circumferences are somewhat less precise, as indicated by their correlations with reported circumferences on a second questionnaire (r = 0.84) and with their clinical measurements (r = 0.68) [29] . Intakes of meat, fish, and fruit were based on the questions: "During an average week, how many servings of beef, lamb, or pork do you eat," "...servings of fish do you eat," and "...pieces of fruit do you eat?" Alcohol intake was estimated from the corresponding questions for 4-oz. (112 mL) glasses of wine, 12-oz. (336 mL) bottles of beer, and mixed drinks and liqueurs. Alcohol was computed as 10.8 g per 4-oz glass of wine, 13.2 g per 12 oz. bottle of beer, and 15.1 g per mixed drink. Correlations between these responses and values obtained from 4-day diet records in 110 men were r = 0.65 for alcohol intake, r = 0.46 for red meat, r = 0.38 for fruit, and r = 0.19 for fish. These values agree favorably with published correlations between food records and more extensive food frequency questionnaires for red meat (r =0.50), wine (r = 0.66), beer (r = 0.70), and mixed drinks (r = 0.72), somewhat less favorably for fruit intake (r = 0.50), and less favorably for fish intake (r = 0.51) [31] . For this report, baseline cardiorespiratory fitness was defined as speed in meters per second of the participant's best time in a 10-km race during the previous 5 years (reported as finishing time in minutes). Published data support the use of running performance to approximate maximum oxygen consumption (VO 2 max) [32] [33] [34] .
Statistical Analyses
The Cox proportional hazards model (JMP software version 5.0; SAS Institute, Cary, NC) was used to estimate the dose-response relationships of incident AMD to baseline running distance, cardiorespiratory fitness, body weight, and circumferences. Reported weekly intakes of alcohol, meat, fish, and fruit, age, and BMI were used as covariates when analyzing physical activity. Subjects who were diabetic at baseline were excluded from all analyses.
RESULTS
There were 110 men and 42 women who reported receiving a clinical diagnosis of AMD during 7.7 years of follow-up (Table 1) . Those reporting AMD were older than those unaffected (Table 1) , and the men were significantly more likely to have once smoked cigarettes (i.e., percentage of current and past smokers in diagnosed versus nondiagnosed: 50.6% vs. 41.2%, P = 0.04 when adjusted for age, analyses not displayed). The statistically greater use of hypertensive medications and slower 10-km race performance times for the men and women who developed AMD (Table 1 ) appeared to be due to their older age, since the significance of these effects were lost when adjusted for age in addition to sex. Incident AMD was significantly associated with age-and sex-adjusted greater meat intake and lower fruit intake. AMD risk was unrelated to baseline dose of vitamin C (P = 0.32) and vitamin E intake (P = 0.89, analyses not displayed). Table 1 shows that the men and women who developed AMD ran on average 1 km per day less than those who remain undiagnosed without age adjustment (P ≤ 0.0001), and about three quarters of a kilometer per day less after adjustment for age and sex (P = 0.01). Table 2 presents the survival analyses of running distance versus incident AMD adjusted for age, prior smoking, hypertension, and intakes of meat, fish, fruit, and alcohol. Each kilometer per day increment in running distance was associated with a 10% reduction in risk with or without adjustment for BMI (P = 0.01). Comparable results were obtained when the analyses were repeated in the subset of men and women who had provided their best 10-km performance. Age adjusted running distance and 10-km performance correlated moderately in both men (r = 0.44) and women (r = 0.41). Adjustment for 10-km performance (a measure of cardiorespiratory fitness) had no effect on the relative risk for AMD per km/d run, and AMD risk was unrelated to cardiorespiratory fitness with (P = 0.42, Table 1 ) or without adjustment for km/d run (P = 0.91, not displayed). Figure 1 presents the relative risk for macular degeneration by average running distance. Compared to running under 2 km/d, those who exceeded 4 km/d were generally at significantly lower risk for macular degeneration, even when adjusted for BMI. The relationship appears convex, with the risk reduction largely occurring for progressive increments in running distance through 4 km/d. Specifically, the risk was significantly lower in the men and women who ran ≥2 km/d than in those who ran less (P = 0.04) and was significantly lower in those who ran ≥4 km/d than in those who ran 2 to 4 km/d (P = 0.03). The men and women who ran an average of 8 km/d or more had 54% less risk of macular degeneration compared to those averaging <2 km per day (59% lower risk when adjusted for BMI).
Additional analyses were performed excluding younger individuals for whom the risk for macular degeneration was low and in males and females separately. Excluding men and women < 40 years of age yielded essentially the same results as the entire sample. There were 136 reported diagnoses of macular degeneration in the 25,335 men and women who were 40 years old or older at baseline. The relative risk for macular degeneration per kilometer/day in this older subset was 0.94 (P = 0.04), with a 95% confidence interval of (0.88 to 0.97). The relative risk per kilometer/day run was not significantly different (P = 0.63) between the men (relative risk = 0.91, P = 0.01 when analyzed separately) and the women (relative risk = 0.94; [0.84, 1.05], P = 0.29 when analyzed separately). The effect of distance run on AMD risk was not affected by age (i.e., significance of interaction, P = 0.12), alcohol intake (P = 0.58), smoking, (P = 0.63), or the intakes of meat (P = 0.18), fish (P = 0.62), or fruit (P = 0.17).
DISCUSSION
These analyses demonstrate in a large cohort of men and women that greater doses of vigorous physical activity were associated with lower age-adjusted AMD risk. Running an average of 2 or more kilometer/day significantly reduced the risk by 36%, and running >8 km/d reduced the risk by 54%, compared to running <2 km/d. These age-adjusted risk reductions could not be explained by BMI, intakes of meat, fish, fruit, or alcohol, or smoking history.
Three other studies have reported on the association between physical activity and AMD. Patients with exudative AMD were reported to be less physically active in the Eye Disease Case Control Study but the difference failed to achieve statistical significance [7] . In the Beaver Dam Eye Study [6] , physical activity was assessed from city blocks walked per day, flights of stairs climbed per day, and sweat-inducing bouts of exercise per week. Stair climbing was associated with lower age-related risk but not when adjusted for covariates. City blocks walked, and three or more bouts per week of sweat-inducing exercise reduced the risk for exudative AMD by 30% and 70%, respectively. Neither early AMD nor geographic atrophy was related to physical activity in the Beaver Dam Eye Study. Seddon et al. [5] reported that when compared to no vigorous physical activity, three sessions per week of vigorous activity was associated with a 25% reduction in the progression to geographic atrophy and neovascular disease during 4.6 years of follow-up in 261 patients with early or intermediate AMD.
The mechanisms relating physical activity to macular degeneration are not known. A key feature separating running's effect on AMD from running's other health effects are: (1) the risk reduction was independent of adiposity as measured by both BMI or waist circumference, and (2) the risk reduction was independent of cardiorespiratory fitness as measured by 10-km performance. Others have reported BMI or waist circumference-related [13] [14] [15] [16] or unrelated [12, 16] to AMD risk. The current results are not necessarily inconsistent with those reporting a relationship, given that there may be a J-shaped relationship between BMI and AMD risk [14.35] , and the runners are considerably leaner than other studied populations [27] . Earlier papers from the National Runners' Health Study have reported that significant portions of the reductions in hypertension, diabetes, or hypercholesterolemia risk per kilometers/ week run were attributable to the runners' leanness [24] . Moreover, reductions in incident hypertension, diabetes, and hypercholesterolemia were more strongly related to baseline cardiorespiratory fitness than to distance run [24] . Thus, the physiological mechanisms responsible for lower AMD risk may be different from those that reduce hypertension, cholesterol, and diabetes risk in runners.
Several studies report that higher plasma concentrations of high-density lipoprotein (HDL) concentrations predict AMD [36 -38] risk and the risk for soft drusen [39] , which would not explain the reduction in AMD risk with physical activity reported herein, or the AMD risk reduction associated with adiposity reported by others. It has been shown in these studies that men's plasma HDL-cholesterol concentrations increase significantly in relation to the distance run through at least 64 km/wk [28] . Exercise-induced increases in HDL-cholesterol have also been demonstrated in training studies [40] . Moreover, innate high HDL-cholesterol may predispose individuals to run longer distances [41] . However, the effects of exercise on HDL-cholesterol concentrations are mediated to a large extent by low body fat or weight loss [42] , whereas AMD showed no relation to body weight in the present study. Others report that HDL-cholesterol concentrations show no relationship to AMD [43] .
The pathogenesis of AMD may also involve C-reactive protein (CRP), a marker of nonspecific inflammation. The evidence relating AMD to CRP is mixed, with some studies showing an association [44] [45] [46] and others not [47] [48] [49] . Although endurance trained individuals have lower CRP levels than do sedentary individuals [50] , CRP shows a stronger inverse relationship to cardiorespiratory fitness than physical activity [51, 52] , whereas AMD was unrelated to 10-km performance ( Table 2) .
With respect to other variables, there was no relationship between macular degeneration and cholesterol-lowering medication use, which is consistent with prevailing opinion from other studies [53] . There was also no relationship between vitamin C or E supplements and incident macular degeneration, which agrees with the recent meta-analysis of nine prospective cohort studies and three randomized controlled clinical trials showing no evidence that dietary antioxidants prevented AMD [53] . The significant relationship between cigarette use and AMD is consistent with other accounts [9] . Others have shown that current smokers are at a higher risk for AMD than are nonsmokers or past smokers [54 -56] . However, the analyses of Table 1 grouped current smokers with ex-smokers because the 608 current smokers (1.5% of the sample, of whom only two developed AMD) provided insufficient statistical power for assessing their separate relationship to AMD. Diets characterized by greater intake of meat and less fruit consumption may reflect in part various nutrients others have associated with AMD risk, including total [57, 58] and saturated [59] fat intake and antioxidant carotenoids (lutein and zeaxanthin) found in dark green or yellow vegetables [60] . An absence of heavy drinkers may explain the failure to find an association between AMD and alcohol intake [61] .
The primary limitation of these analyses is that they are based on self-report. The proportion of subjects who received eye examination to properly assess macular degeneration is not known. In addition to being less reliable than clinically verified diagnoses, the self-report provides no information on whether the macular degeneration was exudative (wet) or nonexudative (dry), or early or late stage, which could affect their etiology. A sedentary control group was also not included for comparison with the runners. There were 14,225 men and 3,118 women aged 43 years of age or older whose incident rate for macular degeneration was 0.81 and 1.26 per 1000 person-years of follow-up, respectively. This incidence for AMD is less than reported for the Beaver Dam Study, which may be due to the better eye health or the less-complete ADM ascertainment of the runners' sample. Based on data reported by others, it seems unlikely that the observed differences in self-reported clinically diagnosed macular degenerations were due to less frequent clinical visits among leaner, higher mileage runners. Schaumberg et al. [62] report that leaner women tend to have more frequent eye examinations than do heavier women. The Health Professionals Study reported that their more vigorously active participants had more routine medical check-ups than did less active men [63] , and there was no difference in routine medical check-up by activity level in the Nurses' Health Study [64] . Although the prospective design specifically excluded individuals with preexisting macular degeneration from being counted as incident events, visual impairment associated with undiagnosed AMD may affect running distance, although there is no direct evidence of this. Only 15% of the targeted population of runners provided baseline surveys; however, the goal was not to obtain a purely representative sample of runners but rather to obtain a sufficient number of participants to assess prospectively the associations between running and incident disease.
In summary, these data suggest that higher doses of vigorous physical activity were related to a lower risk of self-reported, clinically diagnosed AMD. The average distance run in the least active group of runners (<2 km/d) is the energy equivalent of 30 minutes of walking briskly 5 days per week. This is the minimum physical activity level currently recommended by the Centers for Disease Control, the American Heart Association, and the American College of Sports Medicine [21, 65] . Figure 1 shows a 19% risk reduction in men who exercised at twice the recommended minimum guideline levels, and a 42% reduction in those whose weekly exercise was threefold higher. Although there are important health benefits in meeting the guideline levels compared with being sedentary, these data suggest that lower AMD risk is yet another benefit to exercising substantially more than the minimum recommended (i.e., in addition to lower risks for incident cataracts [23] , diabetes [24] , hypertension [24] , hypercholesterolemia [24] , benign prostate hyperplasia [22] , gout [25] , gallbladder disease [26] , and stroke [66] . Relative risk of AMD by average distance run per day in 41,708 nondiabetic, nonsmoking men and women. All results are adjusted for age (age and age 2 ), sex, and weekly intakes of meat, fish, fruit, and alcohol, with additional adjustment for BMI where indicated. Significant risk reductions relative to the least active men: *P ≤ 0.05, †P ≤ 0.01, and ‡P ≤ 0.001. Significance levels to the left of arrows are for all greater distances run vs. the distance run under the significance level. 
